Abstract: Herein, we report the first fully automated continuous-flowp latform for fluorescence quenching studies and Stern-Volmer analysis.A ll the components of the platform were automated and controlled by aself-written Python script. Au ser-friendly software allows even inexperienced operators to perform automated screening of novel quenchers or SternVolmer analysis,thus accelerating and facilitating both reaction discovery and mechanistic studies.T he operational simplicity of our system affords at ime and labor reduction over batch methods while increasing the accuracy and reproducibility of the data produced. Finally,the applicability of our platform is elucidated through relevant case studies.
Inthe last decade,photoredox catalysis emerged as apowerful strategy for the catalytic activation of organic molecules. [1] In photoredox reactions,t he ability of ap hotocatalyst to absorb visible light, reach an excited state and ultimately engage in as ingle electron transfer (SET) with an organic substrate is exploited as apowerful trigger to induce selective and unique transformations. [1a, 2] In this context, agreat deal of effort has been devoted to the understanding of the photophysical and photochemical aspects governing SET processes. [3] Thetranslation of this knowledge to the field of organic synthesis has represented akey advantage in identifying novel photoredox transformations. [4] Among the techniques employed to determine the reactivity of the excited state of aphotocatalyst, fluorescence quenching studies occupy ap rominent role.O nce in their excited states,p hotocatalysts decay to their ground energy levels following either ar adiative or non-radiative process (according to the kinetic constant k 0 ,w hich is ap roperty of every chromophore).
[3b] In other words,aphotocatalyst dissipates the energy acquired through light absorption by either emitting light or heat. However,i np resence of an organic molecule that can act as either energy acceptor or electron donor/acceptor,energy dissipation is averted and aproductive transfer can occur, thus generating radical species of interest. [1a] Therefore,o bserving ad ecrease in the emission of an excited photocatalyst can be considered as atangible proof of its interaction with an organic substrate and is the principle on which fluorescence quenching studies are based. [5] To determine the rate at which an organic substrate can quench the excited state of ap hotocatalyst, aS tern-Volmer analysis can be conducted. [3b, 6] In this case,t he emission of aphotocatalyst is measured at increasing concentration of the quencher. [7] However, despite their relevance in elucidating the interaction between organic substrates and photocatalysts,S tern-Volmer experiments are time-consuming and often air-sensitive.T his is due to the fact that molecular oxygen is ak nown quencher of excited states,t herefore at horough Stern-Volmer analysis requires strictly inert conditions. [8] Moreover,b ecause of the inevitable errors associated with human labor, the reproducibility and accuracy (R 2 )o fc onsecutive Stern-Volmer measurements is often problematic. [9] In addition, fluorescence quenching studies can also serve as apowerful tool to screen novel reactivities. [10] In order to facilitate,s tandardize and accelerate both quenching screening experiments and Stern-Volmer analysis, we envisioned an automated continuous-flow platform able to perform these analyses via in-line monitoring of the photocatalyst fluorescence (Scheme 1).
Recent reports demonstrated the implementation of automated platforms designed to assist chemists in the routine aspects of synthesis,leaving room for the intellectual pursuit of new chemical reactivities. [11] Bearing this prospect in mind, the automated platform we conceived minimizes the errors and the labor associated with fluorescence quenching experiments.F urthermore,o ur system has the potential to facilitate the way we perform these insightful experiments, thus offering apractical strategy for preliminary mechanistic investigations and accelerated reaction discovery in the context of photoredox catalysis.
When designing our system, we reasoned that continuousflow technology would constitute apowerful mean to put into practice an automated platform for fluorescence quenching studies.S pecifically,t he confined dimensions of continuousflow microreactors offer the advantage to minimize the volumes necessary for analysis and provide aclosed environment that sustains inert conditions. [12] This aspect is especially relevant in light of the prohibitive costs of many photoredox catalysts.
An overview of the designed setup is depicted in Scheme 2. Continuous UV/Vis analysis of the catalyst fluorescence was achieved with aq uartz flow cuvette (100 mL volume) connected through optical fibers to both al ight source and as pectrophotometer with a9 0 8 8 angle.B oth the spectrophotometer and the light source are controlled by ac omputer. Moreover,d edicated HPLC pumps regulate the stream to the flow cuvette in an automated fashion.
Desiring to access af ully automated system suitable for both screening experiments and Stern-Volmer analysis,w e focused on flexibility as the key property of our setup.T he optimized setup can easily be operated in two modes: automated screening or Stern-Volmer analysis.W henp erforming screening experiments,a na utosampler is incorporated to inject all the samples to test in asolvent stream. This stream is then combined with ac atalyst solution before entering the flow cuvette.W henp erforming Stern-Volmer analysis,athird HPLC pump delivers the quencher solution, while the autosampler remains inactive.A nother aspect further contributing to the flexibility of our system is the possibility to conveniently change LED light source in order to match the absorbance of the photocatalyst in use.
In both operational modes,a ll components were automated and controlled by as elf-written Python script (the source code is freely available at GitHub). [13] Thes oftware features au ser-friendly interface (see Supporting Information), which allows the user to easily fill in all experimental parameters without the need for any programming knowledge.All data collected during experiments are stored into an SQLite database,t herefore progressively creating an easily accessible quencher library for known photocatalysts.
Our automated platform was first calibrated and tested with 9-mesityl-10-methyl acridinium perchlorate (Mes-Acr) as amodel catalyst and with aseries of amine quenchers (i.e. DIPEA, TMEDA, and TEA, Scheme 3). [14] Theraw data set acquired via the in-line monitoring of the photocatalyst fluorescence was automatically processed with am oving average function in order to minimize the fluctuations of the system (see SI, Section S4). Secondly,at ime-based data extraction allowed us to cut the raw data set, thus minimizing storage space,facilitating data management and reducing the computing power necessary to generate ag raphical output. Through data parsing,the software was then programmed to color-code the graphical peaks,e ach corresponding to the quenching degree of every quencher tested, in order to clearly identify the outcome of the screening test. Specifically, samples that afforded aq uenching degree higher than 50 % were assigned agreen color,while yellow and red were chosen as colors for samples with aq uenching degree between 50-25 %a nd below 25 %r espectively (see SI, Section S4). Finally,the conclusions drawn from the quenching assessment can be analyzed by the user and converted to the results of the screening experiment, as exemplified in Scheme 3B and C.
We further dedicated our efforts to the automation of Stern-Volmer analysis.A ccording to the Stern-Volmer relationship (Scheme 4), plotting the fraction of emission (i.e., photons emitted in absence of quencher over photons emitted in presence of quencher) against the concentration of quencher yields alinear relation, also known as Stern-Volmer plot (Scheme 4B).
[3b] If the lifetime of the excited state (t 0 )of the photocatalyst is known, the quenching rate constant K q can be derived from the slope of the Stern-Volmer plot.
We first conducted aStern-Volmer analysis to determine the rate at which N,N,N',N'-tetramethylethane-1,2-diamine (TMEDA) can quench the excited state of Mes-Acr.A representation of the raw data collected is shown in Scheme 4A.The obtained ladder-like profile is consistent with the progressive decrease of emission intensity,w hich is in turn correlated with the injection of increasing concentrations of the quencher. We programmed the software to include the raw data into an Excel file and to automatically generate the corresponding Stern-Volmer plot (explicitly reporting the equation of the line and the R 2 value), thus relieving the user from this elementary task (Scheme 4B). To showcase the reliability and the operational advantage that our automated platform offers,w ep erformed multiple repetitions of the same Stern-Volmer analysis.A sd epicted in Scheme 4B,t en consecutive experiments gave consistent results both in terms of accuracy (R 2 )a nd reproducibility (for the precise slope value and quenching rate constant obtained, see SI). In this light, we believe that our system can be regarded as ac onvenient tool providing accurate,p recise and reproducible results within asmall time frame.
Moreover,i ts hould be noted that despite the high quenching rate of molecular oxygen on the excited state of many commonly employed photocatalysts,t he confined dimensions and the closed environment provided by our platform greatly contribute to reduce the impact of atmospheric oxygen on the measurements. [7] With our automated platform in hand, we investigated its application in the elucidation of the first step involved in the mechanism of ap hotocatalytic reaction. We chose to investigate the Ir(ppy) 3 -catalyzed photocatalytic decarboxylation of a,b-unsaturated carboxylic acids,areaction developed in our laboratory (Scheme 5A). [15] By comparing the excited state potentials of Ir (ppy) COOEt (E red = À0.57 Vvs. SCE, see SI) and cinnamic acid (E red = À1.09 Vv s. SCE, see SI), we reasoned that the reaction would most likely proceed through the oxidative quenching of the fluorinating agent, thus generating the CF 2 COOEt radical of interest. [16] Nevertheless,d ue to the extremely high excited state oxidation potential of Ir(ppy) 3 , we were curious to probe whether the reduction of cinnamic acid, albeit unexpected, could take place (Scheme 5B). Thus, we performed as eries of automated Stern-Volmer experiments to determine the rate at which ethyl bromodifluoroacetate or cinnamic acid can quench the excited state of Ir(ppy) 3 .T he results obtained are summarized in Scheme 5C (for the Stern-Volmer plots see SI). To our surprise,our initial results showed ahigher quenching rate constant for cinnamic acid compared to BrCF 2 COOEt (3.37 10 8 vs.1 .84
. However,b ecause of the fact that an excess of base is required in this reaction to generate trans-cinnamate,which is more prone to decarboxylation than its conjugate acid, we reasoned that the quenching rate of trans-cinnamate should be considered instead. Theq uenching rate constant of transcinnamate was found to be 1. 24 10 8 [L mol À1 s À1 ]. Thus, based on the slightly higher quenching rate constant obtained for BrCF 2 COOEt, together with its higher concentration in the reaction mixture and its lower reduction potential, we propose that the first step involved in the photocatalytic cycle is most likely the oxidative quenching of Ir(ppy) 3 by BrCF 2 COOEt. This hypothesis was further supported by the fact that aC F 2 COOEt adduct was found when performing aradical trapping experiment with butylated hydroxytoluene (BHT). Notably,a ll the work required to confirm our initial mechanistic conclusion was performed by our automated system within less than an hour.
In as econd case study,w eb ecame interested in the Ircatalyzed decarboxylative alkylation of N-containing heteroarenes with N-(acyloxy)phthalimides (Scheme 6A). Initially reported by Fu and co-workers,t his reaction was found to proceed optimally when catalyzed by Ir[dF(CF 3 )ppy] 2 - (dtbbpy)PF 6 and in presence of an excess of strong acid (i.e., 2equiv TFA). [17] Interested in replacing ac ostly iridiumbased photocatalyst with an inexpensive alternative,w e reasoned that ar apid photocatalyst screening performed with our automated platform would quickly present us with av iable substitute.Aselection of catalysts to be tested was based on their absorption range and on their reported excited state potentials.U naware of which catalytic cycle would be possible with the photocatalyst of choice,p hthalimide 4, isoquinoline 5 and isoquinoline 5 + TFAw ere tested as quenchers.A sd epicted in Scheme 6B,w ef ound that no photocatalyst was quenched by phthalimide 4, with the exception of Ir(ppy) 3 .
These results seemed logical considering that Ir(ppy) 3 is the only photocatalyst with an excited state oxidation potential (E 1/2 Ir 4+ /Ir* 3+ = À1.73 V) sufficient for the direct reduction of phthalimide 4 (E red = À1.57 Vvs. SCE, see SI). [16] We also found that inexpensive organic photocatalysts 4CzIPN and 2CzPN both showed quenching in presence of protonated isoquinoline,w hile no quenching was observed with isoquinoline alone. [18] We rationalized these results by considering that, as documented in the literature,t he protonation of isoquinoline 5 might result in ad ecrease of its reduction potential, thus rendering quenching with 4CzIPN and 2CzPN possible.
[19] Naturally,both organic photocatalysts were then employed in the reaction of interest in am icrocapillary flow reactor, obtaining excellent isolated yields of the desired product 6 within 30 minutes of residence time (see SI).
[12b] Finally,w ec onducted an automated Stern-Volmer analysis to determine the rate at which the protonated isoquinoline can quench the excited state of 4CzIPN and observed aq uenching rate constant of 2. 9 10 6 [L mol À1 s À1 ] (R 2 = 0.96). Based on the results from the quenching studies, we suggest an oxidative quenching cycle in which protonated isoquinoline can quench the excited state of 4CzIPN (Scheme 6C).
In summary,wedeveloped afully automated continuousflow platform for fluorescence quenching studies and SternVolmer analysis.T he operational simplicity of our system reduces the time and labor associated with these analyses while increasing the accuracya nd reproducibility of the data produced. We demonstrated the development, calibration, and application of our system to two case studies of interest. Ultimately,o ur automated platform has the potential to facilitate reaction discovery in photoredox catalysis.I nt his light, we believe that our automated continuous-flow platform will be of high interest both to achemist and engineering audience and will inspire the design of similar machineassisted screening systems.
